Objective-To better understand the role of lecithin:cholesterol acyltransferase (LCAT) in lipoprotein metabolism through the genetic and biochemical characterization of families carrying mutations in the LCAT gene. Methods and Results-Thirteen families carrying 17 different mutations in the LCAT gene were identified by Lipid Clinics and Departments of Nephrology throughout Italy. DNA analysis of 82 family members identified 15 carriers of 2 mutant LCAT alleles, 11 with familial LCAT deficiency (FLD) and 4 with fish-eye disease (FED). Forty-four individuals carried 1 mutant LCAT allele, and 23 had a normal genotype. Plasma unesterified cholesterol, unesterified/total cholesterol ratio, triglycerides, very-low-density lipoprotein cholesterol, and pre-␤ high-density lipoprotein (LDL) were elevated, and high-density lipoprotein (HDL) cholesterol, apolipoprotein A-I, apolipoprotein A-II, apolipoprotein B, LpA-I, LpA-I:A-II, cholesterol esterification rate, LCAT activity and concentration, and LDL and HDL 3 particle size were reduced in a gene-dose-dependent manner in carriers of mutant LCAT alleles. No differences were found in the lipid/lipoprotein profile of FLD and FED cases, except for higher plasma unesterified cholesterol and unesterified/total cholesterol ratio in the former.
classified into 2 distinct syndromes, familial LCAT deficiency (FLD) (MIM# 245900) and fish-eye disease (FED) (MIM# 136120). 2, 3 In FLD, plasma LCAT is either absent or completely lacks catalytic activity; in FED, the mutant LCAT lacks activity on HDL lipids but esterifies cholesterol bound to apolipoprotein (apo)B-containing lipoproteins. All reported FED and FLD cases have greatly reduced plasma HDL concentrations; the prevalence of coronary heart disease (CHD) may be higher in FED than FLD cases. 2 Scattered reports of heterozygous carriers of LCAT mutations indicate they may have either low 4, 5 or normal 6, 7 plasma HDL cholesterol (HDL-C) levels without premature CHD. To gain a better understanding of the role of LCAT in health and disease, we started collecting cases/families with mutations in the LCAT gene. We report here the genetic and biochemical characterization of 13 families, in which 15 novel and 2 already described 8, 9 mutations in the LCAT gene have been identified.
Methods

Subjects
Probands with primary hypoalphalipoproteinemia (HALP), defined by a plasma HDL-C level below the fifth percentile for the age-and sex-matched general population, were identified by Lipid Clinics and Departments of Nephrology throughout Italy. Plasma samples were analyzed for total and unesterified cholesterol; in 18 unrelated index cases, the results were suggestive of a defect in the LCAT gene. Genetic analysis revealed that 13 of 18 index cases carried at least 1 mutant LCAT allele. Relatives of the 13 probands were invited to participate in the study. All subjects gave an informed consent.
Blood samples were collected after an overnight fast. Blood and plasma aliquots were immediately frozen and stored at Ϫ80°C before shipment in dry ice for biochemical characterization and genotyping.
LCAT Gene Analysis
Please refer to supplementary data for details (please see http://atvb.ahajournals.org).
Plasma Lipids and Lipoproteins
Plasma total and unesterified cholesterol, HDL-C, and triglyceride levels were determined with standard enzymatic techniques. Plasma very-low-density lipoprotein and low-density lipoprotein (LDL) were separated by sequential ultracentrifugation. The plasma concentration of apolipoprotein (apo) A-I, A-II, and B, and of lipoprotein particles containing only apoA-I (LpA-I) and of particles containing both apoA-I and apoA-II (LpA-I: A-II) was determined by immunoturbidimetry and electroimmunodiffusion. The content of pre-␤ HDL was assessed by 2-dimensional electrophoresis and expressed as percentage of total plasma apoA-I. 10 LDL and HDL particle size was determined by nondenaturing polyacrylamide gradient gel electrophoresis. 11 The esterification of cholesterol within endogenous lipoproteins (cholesterol esterification rate [CER]) or incorporated into an exogenous standardized substrate (LCAT activity) was determined as previously described. 11, 12 Plasma LCAT concentration was measured by an immunoenzymatic assay. 11
Statistical Analyses
Data are reported as meansϮSEM, if not otherwise stated. The principal end point was the comparison of biochemical parameters between cases, heterozygous relatives, and noncarrier family members (controls). When cases were compared, the variable used for proband selection (HDL-C) was excluded. Variables with a skewed distribution were log-transformed before analysis. The gene-dose effect was assessed by ANCOVA, taking as independent variable the number of mutant alleles (0, 1, or 2) in the genotype and testing for trend. Analyses were adjusted for age, sex, and family. Post-hoc comparisons were corrected for multiple testing by the Turkey method. Correlation coefficients were calculated and the significance of the correlation determined by the Pearson method. A 2-tailed PϽ0.05 was considered as significant.
Results
Identification of Mutations in the LCAT Gene
The pedigrees of the 13 probands' families are shown in the Figure. DNA samples were obtained from peripheral blood leukocytes of the 13 probands, 62 relatives, and 7 spouses ( Figure) . Sequence analysis of probands' DNA identified 17 different mutations ( Table 1 ). All mutations were unique to a single family. Analysis using a computer program that predicts the effect of amino acid changes on protein function 13 indicated that 77% of the identified missense mutations were likely to adversely affect protein function ( Table 1) . Fifteen of the identified mutations are novel; the Y83X and R147W mutations have been previously reported in an FLD patient of unknown origin and in an Italian compound heterozygote for another unidentified mutation, respectively. 8, 9 Overall, 15 of the 82 examined individuals carried 2 mutant LCAT alleles (9 homozygotes and 6 compound heterozygotes), 44 carried 1 mutant LCAT allele, and 23 (including 7 spouses) had a normal genotype (Figure) . Analysis of 140 unrelated individuals with low, average, or high plasma HDL-C levels failed to identify any of the described mutations, indicating they are not polymorphisms.
Differential Diagnosis
Seven of the 13 probands had undetectable CER and LCAT activity and were diagnosed as FLD cases (Table 1) . Three probands had detectable CER and undetectable LCAT activity, and were classified as FED cases. The remaining 3 probands had detectable CER and LCAT activity and could not be classified as either FLD or FED (Table 1) .
Clinical Findings
Seven of the 13 probands were recruited by Lipid Clinics, and 6 by Departments of Nephrology. The anthropometric and clinical findings in the 15 carriers of 2 mutant LCAT alleles are shown in Table 2 . None had cardiovascular disease; 5 were hypertensive and none had abnormalities of glucose metabolism. The most frequent clinical findings were bilateral corneal opacity (15/15) since early adolescence and normochromic anemia of varying severity (12/15). Nine cases (8 FLD and 1 FED) had proteinuria; 6 FLD cases had end-stage renal failure, requiring hemodialysis treatment, and 3 of them underwent an orthotopic kidney transplantation. Thirty-four of the 44 heterozygotes were apparently healthy. Five heterozygotes had high blood pressure and elevated blood lipids, and 2 were overweight and had diabetes mellitus type 2; 2 had a stroke and 1 had proteinuria caused by IgA nephropathy.
Biochemical Findings
Plasma samples from 66 of the 82 examined subjects were available for biochemical evaluation; these included samples from 15 carriers of 2 mutant LCAT alleles, 38 heterozygotes, and 13 noncarrier family members.
The plasma lipid/lipoprotein and LCAT levels in the 15 carriers of 2 mutant LCAT alleles are shown in Table 3 . Plasma total and LDL cholesterol and triglyceride levels showed a wide interindividual variability, even among cases carrying the same mutation(s) in the LCAT gene (Table 3) . No clear relationship between plasma lipid levels and differential diagnosis was found. All had remarkably low plasma HDL-C (less than fifth percentile for age-and sex-matched controls), but individual levels were quite variable among families; no significant correlation was found between HDL-C and either plasma LDL-cholesterol or triglycerides. Except for proband 2, who is homozygous for a truncating mutation at position Ϫ14 and completely lacks plasma enzyme, all cases had detectable but remarkably low plasma LCAT concentrations (Table 3) ; a highly significant positive correlation (Rϭ0.814, Pϭ0.0002) was found between plasma LCAT and HDL-C concentrations.
In a first analysis, the average plasma lipid, lipoprotein, and cholesterol esterification values were calculated for carriers of 2 and 1 mutant LCAT alleles, and for noncarrier family members (controls); comparisons were then made using covariance analysis, with age, sex, and family as covariates (Tables 4 and 5 ). Carriers of 2 mutant LCAT alleles tended to have lower plasma total and LDL cholesterol levels and smaller LDL particles than controls, but the differences did not achieve statistical significance. Unesterified cholesterol, the unesterified/total cholesterol ratio, very-low-density lipoprotein cholesterol, and triglycerides were significantly elevated, whereas HDL-C, apoA-I, apoA-II, and apoB were significantly reduced compared with controls. The HDL-C/ apoA-I ratio (0.24Ϯ0.04) was significantly lower, and the apoA-I/A-II ratio (5.57Ϯ0.64) was significantly greater than in controls (0.43Ϯ0.04 and 3.80Ϯ0.20, respectively). Plasma CER and LCAT concentration were significantly lower than in controls; LCAT activity was undetectable. The average plasma concentration of both LpA-I and LpA-I:A-II particles was significantly reduced compared with controls; the decrease in the levels of LpA-I:A-II particles was much greater (78%) than the decrease in the levels of LpA-I (51%). The plasma content of pre-␤ HDL was 3.5-fold higher than in controls. The HDL particle size distribution was characterized by the lack of particles in the HDL 2 size range and the presence of a single HDL 3 subpopulation of particles, with an average size smaller than that of control HDL 3 . When carriers of 2 mutant LCAT alleles were divided in homozygotes and compound heterozygotes, no significant difference was found in any of the measured parameters. Nineteen carriers of 1 mutant LCAT allele (50%) had a low plasma HDL-C (defined as Ͻ40 mg/dL); the average plasma HDL-C and apoA-I levels in the heterozygotes were significantly lower than controls. Plasma LCAT activity was also significantly lower than in controls, whereas CER was normal.
In a second analysis, the effect of the number of copies of mutated alleles (gene-dose effect) on plasma lipid/lipoprotein and cholesterol esterification parameters was investigated by ANCOVA, with the number of mutant alleles (0, 1, or 2) as independent variable and testing for trend (Tables 4  and 5 ). A mutation in the LCAT gene had a significant gene-dose-dependent effect on a number of biochemical parameters, including the plasma unesterified/total cholesterol ratio, LCAT activity and concentration, HDL cholesterol and apolipoproteins, and HDL subpopulations.
In a third analysis, a comparison was made between FLD and FED cases; no significant differences were found in the lipid/lipoprotein profile except for higher plasma unesterified cholesterol levels and unesterified/total cholesterol ratio in the former (153.2Ϯ21.3 versus 68.7Ϯ23.9 mg/dL and 0.94Ϯ0.03 versus 0.62Ϯ0.03, respectively).
Discussion
In the present study, 13 families were identified carrying 17 different mutations in the LCAT gene. Forty mutations in the human LCAT gene have been reported up to now (HGMD; http://uwcmml1s.uwcm.ac.uk/uwcm/mg/search/ 119359.html). Most of them have been identified through the investigation of single families; general conclusions on the impact of such mutations on LCAT function in human health and disease have been attempted through a systematic review of the data published in these scattered reports. 2, 3 The collaboration of nephrologists and lipidologists throughout Italy allowed us to collect the largest series of families carrying mutations in the LCAT gene to date. The 17 mutations were spread from residue Ϫ14 to 372; 2 were nonsense mutations, 2 were deletions resulting in frameshift and premature termination, and 13 were missense mutations. All missense mutations involve residues which are highly conserved in the LCAT sequence of vertebrate species for which the LCAT sequence is known. 14 The effect of each amino acid substitution on protein function was predicted with the use of PolyPhen program. 13 Such analysis indicated that 77% of the identified missense mutations were likely to adversely affect protein function. Previous studies using the same algorithm revealed that Ϸ70% of missense mutations associated with a functional disorder were predicted to be damaging, compared with 32% of mutations identified in DNA samples from arbitrarily selected individuals. 13, 15 Thus, the proportion of LCAT missense mutations predicted to be damaging with the use of PolyPhen was comparable to that obtained for other disease-associated sequence variants.
Based on current biochemical criteria, 2,3 7 of the 10 probands carrying 2 mutant LCAT alleles had FLD; only 3 had FED, probably reflecting a milder clinical phenotype 3 rather than a lower prevalence of the disease in the population. The FLD cases were: (1) homozygous for a mutation that abolishes protein synthesis (a class 1 mutation according to Kuivenhoven et al 2 ); (2) compound heterozygous for a truncating mutation (class 1 mutation) and for a damaging missense mutation that affects enzyme catalytic activity (class 2 mutation); or (3) homozygous for a missense mutation that abolishes enzyme activity (class 2 mutation). The 3 FED cases were: (1) homozygous for a damaging missense mutation (class 4 mutation); (2) compound heterozygous for benign missense mutations (class 4 mutation); or (3) compound heterozygous for a truncating (class 1 mutation) and for a damaging missense mutation (class 4 mutation).
The present study demonstrates that: (1) the inheritance of a mutated LCAT genotype causes a remarkable and genedose-dependent alteration in the plasma lipid/lipoprotein profile; and (2) the lipid/lipoprotein profile is indistinguishable between subjects classified as FLD or FED.
Plasma total and LDL cholesterol levels in carriers of 2 mutant LCAT alleles showed a wide interindividual variability, which may be caused by environmental, metabolic, or genetic factors. 16 Elevated plasma triglycerides were a frequent finding among cases, and LCAT mutations had a gene-dose-dependent effect on plasma triglycerides and very-low-density lipoprotein cholesterol, which argues for a metabolic relationship between defective cholesterol esterification and hypertriglyceridemia. A decreased postheparin lipoprotein lipase activity has been detected in LCATdeficient mice 17 and in some FLD cases, 4 suggesting that defective lipolysis may contribute to the elevated plasma triglycerides.
All carriers of 2 mutant LCAT alleles had remarkably low plasma HDL-C, apoA-I, and apoA-II levels; no significant difference was found between FLD and FED cases, confirming that the inheritance of a completely, or partially defective LCAT causes HALP. 3 A remarkable variability in the severity of the HALP was, however, found among cases with different LCAT genotypes, as exemplified by the 6-fold variation in plasma HDL-C ( Table 2 ). Such variability is clearly unrelated with the inherited defect in LCAT function, because FLD and FED cases had overlapping plasma HDL-C levels. The severe HALP in the carriers of 2 mutant LCAT alleles is associated with multiple alterations in HDL structure and particle distribution, with a selective depletion of LpAI:A-II particles, a predominance of small, pre-␤migrating HDL 3 , and a complete lack of HDL 2 . Such changes likely reflect the accumulation in plasma of CE-poor, apoA-I-containing, discoidal HDL, 18 which cannot mature into spherical HDL because of the lack of LCAT activity. These findings are consistent with an accelerated catabolism of LpA-I:A-II particles 19 as a common metabolic cause of HALP in FLD and FED. With the exception of the homozygous carrier of the X-14 mutation, all FLD and FED cases had remarkably low plasma LCAT protein concentrations. The striking positive correlation between plasma LCAT and HDL-C levels suggests that HDL may function as a vehicle for LCAT in plasma, stabilizing the enzyme and preventing its catabolism. Consistent with this hypothesis is the repeated observation of partial LCAT deficiency in individuals with primary HALP caused by mutations in the apoA-I gene. 12, 20 The availability of a relatively large number of carriers of 2 and 1 mutant LCAT alleles allowed us to identify a significant LCAT gene-dose-dependent effect on cholesterol esterification measurements, as well as on a number of HDL-related parameters. These findings underline the importance of proper LCAT function for efficient plasma cholesterol esterification process and appropriate HDL maturation/ metabolism. The inheritance of a single mutant LCAT allele leads to a biochemical phenotype intermediate between those of carriers of 2 or zero copies of mutant alleles, thus indicating that the biochemical abnormalities are expressed as codominant traits in families carrying mutations in the LCAT gene. The heterozygous carriers of mutant LCAT alleles had lower average plasma HDL cholesterol and apolipoproteins, apoA-I-containing lipoprotein particles, LCAT activity and concentration, and higher pre-␤ HDL content than controls.
According to the present knowledge, the abnormalities in the HDL profile of carriers of either 2 or 1 mutant LCAT alleles are all indicative of a high CHD risk. No evidence of increased CHD in LCAT-deficient families was instead found in the present study. The association between inheritance of a functional defect in LCAT and CHD risk remains debated, based on contradictory findings in both humans and animals. 2, 21, 22 Large follow-up studies in carriers of LCAT mutations are needed to clarify this issue.
